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I. Introduction
Molecular compounds present a fascinating aspect since they have been used as organic semiconductors in light emitting diodes 1 . The different fields of research around the organic electronic allowed a better understanding of the phenomena inside the polymers or small molecules based electroluminescent devices. These improvements were possible thanks to the development of thin-film deposition technologies, but also thanks to the integration of the theoretical models for charges injection and transport through the organic layers. In this domain, the reported studies concern principally tris(8-hydroxyquinoline) and N,N'-diphenyl-N,N'-bis(3-methylphenyl)1-1'-biphenyl-4,4'-diamine (more fully known as Alq3 and TPD respectively) for the small molecules and poly(2-méthoxy,5-(2'-éthyl-héxoxy)-1,4-phénylène vinylène (MEHPPV) for the polymers 2, 3 . Most of time, charge injection is believed to be a combination of tunnelling or thermionic injection, described by the Fowler-Nordheim (F-N) and Richardson-Schottky (R-S) equations respectively and space charge limited injection.
Considering the F-N and R-S theories, different publications show that the models don't fit exactly the characteristics especially quantitatively, and propose new models 4 or simulations 5 .
We investigate and report the study of injection and transport in a novel and high efficient molecule named 1,1-dimethyl-2,5-bis(4-phenyl-di-2-pyridylamine)-3,4-diphenylsilole, (called silole in this paper). The silole-based compounds have occupied a growing position since
Yamaguchi et al. 6 firstly reported a general one-pot synthesis of 2,5-diaryl-3,4-diphenylsiloles, and secondly, discovered their high efficiency in electroluminescence (EL) devices owing to their high electron transporting properties 7 . This property originates from a low-lying LUMO (Lowest Unoccupied Molecular Orbital), which is the consequence of an effective interaction between the σ*-orbital of the silole silicon atom and the π*-orbital of the butadiene fragment 8 .
A novel silole derivative has been synthesized and characterized as emissive layer in electroluminescent device 9 . In order to understand the mechanisms associated with electrons and holes transport, we present in a first part the results of optical and electrochemical studies to describe the energetic schema of the structure, and then the current- 
II. Experimental
Devices were fabricated on ITO-coated glass substrates (Merck, thickness ≈ 115nm, 
III. Results and discussions

III.1. Energetic schema of the structure
Preliminary studies were carried out in order to reach the energetic schema of the devices based on the silole derivative. First, cyclic voltammetry was performed on the silole in the liquid phase to estimate their highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels. From the onset potentials of the oxidation and reduction processes, the HOMO and LUMO levels were calculated assuming the energy level corresponding to the electrochemical potential of the Calomel Electrode = -4.4 eV 11 . They were then estimated to be 5.2 eV and 2.8 eV respectively. Consequently the energy difference, which corresponds to the bandgap E g of the silole, would be 2.4 eV.
In order to support this result, an optical absorption (OA) study has been performed. The OA spectrum is presented in figure 1B . In this case the estimated value of E g = 2.5 eV has been found, which weakly exceeds the previous one. At least, a normalized electroluminescent spectrum presented in figure 1A . shows that the emission peak is centered at 2.3 eV, which reveals the binding exciton energy in the silole. The chromatic coordinates of the electroluminescence emission, calculated on the CIE-1964 chromaticity diagram, are x = 0.38 and y = 0.58, and corresponds to a yellow-green color.
An energetic representation of the structure can then be achieved. It is represented in figure 2 .
The metals employed as cathode are calcium, aluminum, copper or gold 12 . 
III.2. Current and luminance studies
To evaluate the performance of the devices described above, I-V and L-V studies have been carried out under forward bias. In a first part, the electron injection through different barriers height is investigated. In a second part, the dependence in temperature for the two structures ITO/PEDOT-PSS/Silole/Au and ITO/PEDOT-PSS/Silole/Ca/Al is carried out.
III.2.1. Influence of the nature of the cathode
The I-V and L-V characteristics for the four investigated metals are represented in figure 3.
They show clearly that the increase of the barrier height for the electron injection influences strongly the properties and the efficiency of the device. However, if V ap > V bi , seeing the a φ value, which is the same for all the samples, the hole participation to the current must be unchanged whatever the nature of the cathode, for similar (V ap -V bi ) values.
In fact, for low (V ap -V bi ), the observed currents are quite similar. Consequently they must reflect hole transport exclusively. It is only from V ap ∼ 5, 12, 14 and 30 V for Ca, Al, Cu and Au cathodes respectively that the currents differ, indicating the participation of electrons. This is supported by the fact that it is also from these applied voltages, called turn-on voltages (V to ), that an electroluminescence becomes detectable. This proves that, electrons and holes necessarily cohabit in the silole layer, from these V to values. In order to determine the electrical transport mechanisms, investigations as a function of temperature have been achieved and presented in the following paragraph.
III.2.2. Electrical transport mechanisms as a function of temperature
We limited our extended study in the two extreme cases, i.e. with gold and calcium cathode.
The cases of Al and Cu electrodes are the subject of a last remark. However, in this model, the current is independent on the applied voltage whereas it is obviously wrong in our case (see figure 4 ). Then the current limitation must be due to the bulk of the silole layer.
III.2.2.1. ITO/PEDOT-PSS/
I-V curves are plotted in linear scale in figure 5 . It appears that for V ap < 12V, the voltage dependence of the currents is quasi ohmic. Such a behavior must correspond to a hopping process (a thermally assisted tunnel transfer) between nearest neighboring localized states 14 .
In this case, the current should be then given by:
where B is a constant, d
(d being the thickness of the silole layer), α expresses the spatial decrease of the wave-function of a hole near one site, R is the distance between two neighboring sites and > ∆ < E the average difference of the energy between the occupied site and the empty state. In this case, the experimental value of > ∆ < E ≈ 50 meV agrees with those found in the literature for this transport mechanism [15] [16] [17] .
(
ii) Domain II
For an applied voltage greater than 30V the currents are practically temperature independent.
In this case, they cannot be described by a thermally activated mechanism. Moreover, this mechanism appears at very high electric field (F > 10 6 V.cm 
III.2.2.2. ITO/PEDOT-PSS/silole/Ca structure
I-V and L-V characteristics of ITO/PEDOT-PSS/silole/Ca are shown in figure 7 for different temperatures. For this kind of structure, these curves present three distinct domains:
Only leakage currents can describe the weak observed current values. Indeed the natural electric field in the silole layer, due to the Fermi level alignment in the OLED structure, prevents the transport of electrons and holes in the LUMO and HOMO respectively.
The current looks like the one observed in domain I for the structure with a gold cathode.
Note that the difference of one order of magnitude is due to the device fabrication and to organic compounds (PEDOT-PSS and silole) fluctuations. Thus, in this domain, the currents should present the same interpretation as in the previous case, i.e. limitation occurs by a hole hopping mechanism in the bulk of the silole layer.
In this domain, we note that the currents are four orders of magnitude higher than those observed with a gold cathode, for similar (V ap -V bi ) values. However, we have previously seen that the hole current contribution is the same whatever the metal cathode. So, in this domain, the current is mainly due to electron migration.
The potential barrier at the silole/Ca interface is almost ohmic (see table 1 ). Consequently we suppose that the electron transfer limitation is due to the bulk of the silole layer. Figure 8 clearly shows that currents, as well as luminance, are temperature dependent. Activation energies, W, are calculated from the slopes of Arrhenius plots. W is found to be close to some hundreds meV and is a function of V ap .
From these remarks, we suppose that the electron transfer limitation is due to a trapping of charge carriers in coulombic centers. The emission in the LUMO is then a function of both temperature and electric field
. The Poole-Frenkel model 19 should agree with our experimental data. In this case, currents should be described by:
Where N i is the density of coulombic traps in the silole layer, µ the mobility of the electrons in the LUMO and : In summary, for F ≤ 6×10 -5 V.cm -1 , below the turn on voltage, the potential barrier height for an electron to be extracted from a coulombic center is still about 400 meV. For this reason, the current is mainly due to hole transport as in domain I for an ITO/PEDOT-PSS/Silole/Au structure. On the contrary, for V > V to , the internal electric field in the silole layer is higher than 10 6 V.cm -1 and the barrier height is reduced up to 100 meV (see figure 10 ). In this case, the current is mainly due to electron transfer in the silole layer. As a consequence, electrons and holes coexist in the organic layer and radiative recombinations are observed (see figure   8 ).
Finally, we can remark that for Al and Cu cathodes, a luminescence is also observed from V ap = 12V and 14V respectively. This indicates the coexistence of electrons and holes in the silole layer. However in these cases, the barrier height at the interface cathode/silole (1.3 eV and 1.7 eV for Al and Cu respectively) is highly greater than the depth of the coulombic centers. Consequently, in these cases, the limitation of the electron transfer must occur at the cathode level.
IV. Conclusion
Investigation of transport and injection in a novel and highly electroluminescent silole 
